The present paper entails the results of the demineralization of the Rajmahal Gondwana coals of India with Pseudomonas mendocina strain B6-1 and its signatures revealed in the X-ray Diffraction (XRD) and Fourier transform infrared (FTIR) spectra. The XRD study reveals the reduction of pyrite phase in the coal samples after bacterial treatment due to bio-oxidation of pyrite and the appearance of few new phases of jarosite. Moreover, the intensity of jarosite peaks has been noticed to increase after the bacterial treatment. The FTIR spectra of the bacterial treated Rajmahal coal samples indicate shifting of the absorption peaks as compared to the control samples. The oxidation of pyrite due to the bacterial action and its conversion into jarosite is indicated by the stretching of OH bond at 630 cm -1 peak. While the bacterial action on clay minerals in all the samples is indicated by the stretching of bonds at 1114 cm -1 to 430 cm -1 peaks.
INTRODUCTION
Coal is the major source of energy in India. It is used mainly for the generation of electricity in Thermal Power Plants. Being of drift origin, the Rajmahal Gondwana coals contain high amount of inorganic matter which got associated with coal at different stages of coal formation. Ward (2002) has discussed, in detail, various modes of occurrences of mineral matter in coal. Moreover, during coal mining the rock fragments derived from the intra-seam non-coal bands also get associated with the coal and further dilute the quality. The mineral matter plays an important role in handling, storage, and utilization of coal (Hower, 1998; Gupta et al., 1999; Singh et al., 2010; Ward, 2002) . Rajmahal Gondwana coals have been studied, in detail, by Singh (1992; , Singh and Singh (1994; 1995; 1998) . The inorganic matter contains variable concentrations of major, minor and trace elements. Pickhardt (1989) and Fan et al. (2013) believes that some of the elements like As, Be, Cd, Cr, Cu, Pb, Mn, Hg, Mo, Ni, Sr, U, V, and Zn are environmentally sensitive. Eskenazy (2009 ), Finkelman (1995 , Nicholls (1968) , Oman et al. (1997) , Ren et al. (2004) , Seredin (2004) , Seredin and Finkelman (2008) , Sun et al., 2015; Ward et al. (2003) , Hem and Waring (1963) have discussed the geochemistry of trace elements in coal. The environmentally sensitive elements are likely to pose environmental problems and are therefore required to be removed or minimized. Attempts on coal beneficiation with bacteria have been made by Chan et al. (2003) , Kilbane (2006) , Sharma and Wadhava (1997) , Shi and Fang (2005) , Singh et al. (2011 , and Singh et al. (2013) . Singh et al. (2014) subjected the coal samples from Seam-III of Hura coalfield, Rajmahal basin to demineralization by treating them with Pseudomonas mendocina strain B6-1. The signatures of bacterial treatment of the coals are also reflected in the XRD and FTIR spectra. X-ray powder diffraction (XRD) is a rapid and powerful analytical technique primarily used for the phase identification of crystalline material and may also be used for the mineralogical characterization of coal. It furnishes a comprehensive view of the structure /composition of the materials. It is most widely used for the identification of unknown crystalline materials (minerals, inorganic compounds) and for the quantification of mineral matter in coal (Scott, 1992; Taylor, 1991; Ward, 1977; . Determination of unknown solids is important in geological, environmental, material, engineering and biological sciences. Fourier transform infrared (FTIR) spectroscopy is another powerful tool for the characterization of coal as it furnishes fast and comprehensive view about its internal structure and composition. The changes in the physico-chemical characteristics of the Rajmahal coals after bacterial treatment have been observed in terms of the changes in their spectra and have been discussed in the present paper.
METHOD OF STUDY
The methods adopted for petrography, proximate and ultimate analyses of the Permian Rajmahal coals have been discussed in detail by Singh et al. (2014) . The FTIR spectra were recorded by FTIR spectrophotometer (PerkinElmer Spectrum version 10.03.05) with KBr pellets (transmission mode) in the Department of Chemistry, Banaras Hindu University. A coal: KBr mixture at 1:100 ratio was used and 20 number of scans were taken with a spectra resolution of 4 cm -1 at a range of 400 -4000 cm -1 . X-ray diffraction data were obtained using computer controlled Xray Diffractometer Panalytical X'Pert High Score (Plus) v3x database in the Department of Geology, Banaras Hindu University. The operating parameters were as: start angle: 2°; target: Cu Kα radiation; stop angle: 60°; step size: 0.0250; and 2 theta configuration. The database for spectral interpretation was PDF 2.0.
Bacterial treatment
Ten-ml sterilised double-distilled water was mixed with one gram of -72-mesh size powder of Rajmahal Gondwana coal samples. It was subsequently filtered with Whatman paper and 1ml of filtered water was diluted hundred times in double distilled 756
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water and inoculated on solid agar plates containing peptone 0.5%, yeast extract 0.5%, glucose 1.0%, and 4% agar-agar and incubated at ambient temperature. Within a period of 24 hours several colonies could be seen developed on the solid agar plates. The individual colonies were screened and tested following the standard method. The bacterium was identified as Pseudomonas mendocina strain B6-1.The details of the process of bacterial isolation, its mass cultivation, identification, immobilization, and method of treatment were performed in the Department of Botany, Banaras Hindu University and have been discussed in detail by Singh et al. (2014) . The identification of the bacteria was done at Indian Institute of Vegetable Research (IIVR), Varanasi.
RESULTS AND DISCUSSION

Petro-chemical attributes
The petrographic study of the Seam-III coals of Hura coalfield (Rajmahal basin) reveals the dominance of inertinite group of macerals (mean 51.4%) with lesser amounts of vitrinite group (mean 14.4%) and liptinite macerals (mean 5.9%). The coal contains sufficient quantity of mineral matter (mean 28.45%) which is dominated by the argillaceous minerals as revealed by Singh et al. (2014) . The XRD studies indicate that the argillaceous mineral matter mainly consists of illite, montmorillonite, and kaolinite, along with other mineral groups. Chemically these coals contain 2.39% moisture, 29.89% ash, 34.11% volatile matter, and 31.30% fixed carbon (Singh et al., 2014) . They have further reported the concentration of major, minor, and trace elements to be significantly high in the Rajmahal coal as compared to the Clarke values for the bituminous coals. These elements are likely to have their implications on the environment at the time of their utilization. The mean values of various elements in 10 coal samples are furnished in Table 1 . 
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Demineralization of Rajmahal coals after Bacterial Treatment
Since Rajmahal coals have elevated ash content and are rich in environmentally sensitive elements like Cd, Cr, Co, Cu, Pb, Ni, and Zn (Singh et al., 2014) , they require beneficiation. These coals were treated with Pseudomonas mendocina strain B6-1 to see the demineralizing capacity of this bacterium. After the treatment of the Rajmahal coal samples moderate to considerable amount of decrease in hydrogen (av. 3.3%), oxygen (av. 18.96%), and total sulphur (av. 13.23%) was observed. The decrease in moisture (av. 11.61%) is attributed to the breaking up of certain organic compounds in coal into simpler forms by bacteria and utilizing the oxygen by Singh et al. (2014) . Consequently a relative increase in the elemental carbon (av. 6.78%) has been observed. They have further reported an overall decrease in the ash content (av. 4.48%) and attributed it to uptake of inorganic elements by the bacteria for its growth. A significant reduction in the major, minor and trace elements was also noted. The average with average removal is furnished in ). This has led to an overall increase in the useful heat value (UHV) of 7.20% (mean).
Revelations from XRD Study
In the present investigation, XRD has been used to determine the minerals present in the Rajmahal coals before and after their demineralization with bacteria. The minerals in these coals were identified by comparing 'd' values as per 'Selected Powder Diffraction Data for Minerals ' (JCPS, 1974) and 'Standard X-ray Diffraction Powder Patterns' (SXDPP, 1981) . The diffractograms of the studied coal samples of the Rajmahal basin (Sample Nos. R2 and R9) are shown in the Figure 1 . Mineralogically the inorganic phase contains kaolinite, illite, quartz, pyrite, and jarosite. In sample R2 the main minerals identified are clay minerals, quartz, pyrite, and jarosite at different positions. A similar pattern was observed in case of sample R9. After bacterial treatment (Pseudomonas mendocina strain B6-1) of six days, the XRD spectrum shows reduction of the pyrite due to bio-leaching and there is appearance of a few new phases and jarosite [KFe 3+ 3 (OH) 6 (SO 4 ) 2 ], a common hydroxysulfate formed due to bio-oxidation of pyrite, has been identified. At position of 21 (2 Theta degree), the peak intensity of jarosite is increased in the bacterial-treated sample compared to the control (untreated) indicating desulphurization of the coal sample. A few other jarosite phase positions are also seen to be generated in the treated sample. Bacterial oxidation of pyrite in coal occurs following direct or indirect mechanism. The following reactions take place. This leads to formation of sulphuric acid which decreases the pH of the reaction vessel (Larsson et al., 1990) . The present study is in agreement with the studies of Cardona and Marquez (2009) where they have reported the appearance of jarosite phase as a result of reduction of pyrite peaks due to bio-oxidation. This is also 758 evidenced in the bioreactor of the present investigation. In most of the samples, except R2, there was a slight decline in the pH in the reactor run after 1 st day of the treatment with bacteria which was followed by a gradual increase till the end of the experiment on 6 th day. The initial decrease in pH is attributed to the oxidation of pyrite in the coal samples while a subsequent increase in the pH may be due to dissolution of carbonates (Fig. 2) . This is further supported by the work of Ardejani et al. (2008) , Hong et al. (2013) , Pathak et al. (2013) and Xia et al. (2010) . The peak intensity in the spectrum may be due to high precipitation of jarosite and a higher pyrite oxidation ratio. Malik et al. (2001) have also observed the appearance of new peaks in the XRD spectrum corresponding to the elemental sulfur, jarosite, and ferric sulphate [Fe 2 (SO 4 ) 3 ] in the biodesulfurized coal samples. 
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Revelations from FTIR study
The FTIR absorption peaks of the Rajmahal coal samples before and after bacterial treatment are shown in Figure 3 and the details of their peak position, their shifting and the probable functional groups are furnished in Table 2 . The shape of all the FTIR spectra is very similar and little change is noticed in the intensities of band related to the minerals. FTIR spectra of Rajmahal coals were taken and the transmittant bands were compared with the standard patterns of Cooke et al. (1986) , Das (2001) , Grigoriew (1990) , Scheinman (1970) and Speight (1994 Shifting of these peak positions of FTIR bands is attributed to the bacterial action. The peaks for O-H groups observed at 3600-3800 cm -1 are probably associated with those of clay minerals in agreement with the study of Saikia et al. (2007) . A few broader peaks are also visible at 3212.35 cm -1 and 3373.72 cm -1 . et al. (2003) have demonstrated that such broader peaks of O-H stretching vibration are caused due to high H/C and O/C atomic ratios which appear to be correct for the Rajmahal coals where the mean H/C and O/C atomic ratios (0.842 and 0.234) slightly decreased (0.763 and 0.190) after bacterial treatment. Moreover, the bands in the IR range between 1100 and 400 cm -1 are associated with the clay minerals such as kaolinite, illite, and montmorillonite groups. Due to the presence of quartz, the Si-O-Si stretching vibration has caused absorption at 470. -1 are caused due to Si-O stretch and have been shifted a little after the bacterial treatment. The FTIR spectra after treatment of Rajmahal coal indicates a little change in the intensities of bands related to minerals. However, the band identification in the IR spectra of clay minerals is difficult because of inhomogeinity and complicated composition. This has also been advocated by Aller et al. (2001) , Cardona and Marquez (2009) and Tripathi et al. (1998) . Malik et al. (2001) observed the disappearance of kaolinite peak and a decrease in the silicate band which they attributed to the dissolution and removal of those minerals during biodesulfurization. They also noticed an increase in the peaks as a result of intermediates like sulphate, thiosulphate, pyrosulphite, etc., formed by pyrite oxidation. 
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CONCLUSIONS
The present investigation has been intended to understand the signatures of XRD and FTIR spectra in the Pseudomonas mendocina B6-1 bacteria-treated coal samples from Seam-III of Hura Coalfield of the Rajmahal basin. The study reveals the following:
(1) Abundant peaks of clay minerals and pyrite are clearly visible in XRD spectra in the control samples. (2) The bacterially treated coal samples possess change in the intensity of peaks and shifting in their positions. (3) Disappearance of some pyrite peaks and appearance of new peaks of jarosite is seen in the XRD spectra. This is also indicated in the absorption peak at 630 cm -1 of FTIR spectra of treated sample which indicates the formation of jarosite. (4) There is shifting of most of the absorption peaks of the clay minerals which is caused due to stretching of bonds by bacterial action. Nevertheless, the results warrant further experiments with emphasis on increase in the biomass of the bacteria and time to be given for a longer span to the bacteria to operate over the organic/inorganic interaction of coal admixtures. This may result into disappearance of sulphur-bearing minerals and sulfur attached to organic compounds as organic sulphur and the process may become practically feasible. 
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